Marked changes in the splenic lymphocyte populations during murine infection with Listeria monocytogenes were observed histologically and quantitated by the immunofluorescence of Thy-1+ immunoglobulin (Ig-) (T) and Ig+ (B) cells. Cells were depleted from the T-dependent areas of the spleen, and the number of T cells in suspensions prepared from spleens of mice 1 to 3 days after primary or secondary infection were less than V1o of normal. High numbers of alcohol-killed
Listeria monocytogenes is readily phagocytosed by normal mouse macrophages, but can survive and multiply within the phagocytes (15) . The eventual elimination of the bacteria depends on the activation of macrophage bactericidal mechanisms by sensitized, thymus-derived (T) lymphocytes bearing both Lytl and Lyt2 antigens (13) . The T lymphocytes produce lymphokines, which variously activate macrophages (8, 9), attract more macrophages to the site of infection (20, 23) , and cause macrophage proliferation (20) . Antibodies are not produced during primary infection with Listeria sp. (15, 21) and are not protective in passive transfer (18) .
Despite the major role of T lymphocytes in the immune response to Listeria sp., the most striking feature of the histopathology of the infection is a marked depletion of the T-dependent areas of the spleen and reduction in the numbers of Thy-I+ and immunoglobulin (Ig-) cells in spleen cell suspensions 2 to 4 days after infection (17) . After day 5, the numbers of T cells recover and reached levels exceeding normal. Since T lymphocytes mediate a multitude of immune responses, both as effector cells and regulator cells, their depletion during listeriosis conceivably has important implications for the total immune function of the host. The mechanism of T cell depletion is described in this paper, and the mechanism of retovery from depletion and its possible significance are discussed in a second paper (5) . MATERIALS Immunization of mice. Inbred male and female BALB/c mice were maintained under conventional conditions in the Microbiology Department Animal Breeding Unit and were used at 6 to 8 weeks of age unless otherwise stated. L. monocytogenes was subcultured weekly on horse blood agar. It was regularly renewed from freeze-dried stock. The 50% lethal dose for BALB/c mice was 2 x 103. Listeria organisms grown overnight at 37°C on nutrient agar plates were suspended in 1% horse serum in distilled water (serum water). The inoculum was standardized turbidimetrically using an EEL colorimeter and injected intravenously in 0.2 ml containing 1 x 103 viable organisms. The dose was checked retrospectively by viable counts (16) . Alternatively, Listeria organisms were killed by overnight exposure at -20°C to 70% (wt/wt) ethanol, and 1 x 109 was injected intravenously (16) .
Assay of infection. The spleens of mice killed by cervical dislocation were homogenized individually in serum water in a tissue homogenizer (Ultra-Turrax Tpl8-10; Janke and Kunkel K.G., Breisgau, West Germany) adapted for use with a sealed container. Serial 10-fold dilutions were sampled on nutrient agar plates, and colonies were counted after incubation overnight at 37°C (6) .
Adrenalectomy. Adrenalectomy was performed on mice under pentobarbital sodium anesthesia (48 mg/kg of body weight intravenously) by the method of Bolton et al. (2) 44 Ci/mmol; Radiochemical Centre) per ml and incubated at 37°C for 30 min. After thorough washing, 1 x 107 labeled cells in 0.5 ml of HBSS-10% FCS were injected intravenously into mice. Recipients of labeled cells were killed at intervals after injection. Their spleens were removed and placed in Bouin fixative. Fixed tissues were processed for autoradiography (24) . Autoradiographs were exposed for 6 weeks and observed by light microscopy. The number of labeled cells seen per unit area (one 400x field) of each sample was determined by counting the entire section (always more than 30 fields).
RESULTS
Splenic changes after injection of live or killed Listeria sp. Normal mice and mice immunized with Listeria sp. 4 weeks previously were infected intravenously with 1 x 103 Listeria organisms. Viable counts in spleens were determined over a period of 9 days. Listeria organisms increased in number in the spleen from day 1 to 3 after primary infection (Fig. 1 ). The acquisition of specific immunity by day 4 to 5 resulted in the elimination of the bacteria by day 7. Secondary infection was cleared within 2 days, indicating immunological memory. Histological sections from these mice showed that T-dependent areas in the spleen were depleted of cells 1 to 3 days after primary or secondary infection (Fig. 2) . Few necrotic cells were seen in the areas of depletion, but there were occasional accumulations of granulocytes. In contrast, mice injected intravenously with 1 x 109 alcohol-killed Lis- teria showed no histological changes.
Immunofluorescence confirmed the depletion of T cells during primary infection (Fig. 3a) . The absolute number of T (Thy-1+ Ig-) cells began falling 1 day after infection, reached less than 10% of normal by day 3, and recovered by day 5. After that it rose steadily, reaching more than three times normal numbers by day 9. Splenic T cells were depleted during secondary infection in parallel with primary infection. They recovered by day 5, but did not increase thereafter, as they did in primary infection. ate localization of radiolabel in a number of organs was measured at 4 h, and the redistribution of recirculating cells was measured at 24 h (24). The distribution of the T-cell-associated label was very similar in infected and uninfected mice ( Table 2 ). There was no loss of label from the spleen after 24 h. The redistribution of label to the lymph node was not significantly greater in the infected mice. The differences in the accumulation of T cell label in the gut between infected and uninfected mice were not significant. Some B-cell-associated label was lost from all organs of infected and uninfected mice after 24 h. The accumulation of label in other organs was low and did not differ between infected and uninfected. To see whether T cells had to be exposed to infection for a time before their behavior was altered, radiolabeled cells were injected together with infecting organisms. Spleen cell suspensions from normal mice were enriched for either T or B cells, 51Cr labeled, and injected intravenously into normal mice with or without 1 x 103 Listeria organisms. Radioactivity in a number of organs was measured over the ensuing 3 days. Table 3 shows the counts recovered at 4 and 72 h in selected organs. In both infected and normal mice, there was a loss of T-cell-associated label from the spleen and a gain by the lymph nodes, whereas B-cell-associated label remained constant. The gut (combined large and small intestines and appendix) of infected mice showed a gain of both T-cell-and B-cell-associated label compared with normal.
(ii) Autoradiography. T-or B-enriched normal mouse spleen cells, labeled in vitro with [3H]uridine, were injected into naive mice or mice infected 2 days earlier. Groups of two or three recipients were killed 4 or 24 h after injection, and their spleens were processed for autoradiography. At 4 h, radiolabeled, T-enriched spleen cells were concentrated around, but not within, depleted areas in the infected mouse spleen (Fig.  4) . The total number of labeled cells in the infected mouse spleen was normal (Table 4) . By 24 h, however, it had been reduced to one third of normal numbers. Injected, radiolabeled, Benriched spleen cells localized in the peripheral regions of the PALS in similar numbers in infected and uninfected mice 4 and 24 h after injection. The total label in the spleen was measured by scintillation counting corrected for quenching by the channel ratio method (11) . The loss of label was similar in infected and uninfected mice injected with T-enriched cells. DISCUSSION A profound depletion of T lymphocytes to less than 10% of normal numbers in the spleen of mice has been demonstrated between 1 and 3 days after primary and secondary infection with L. monocytogenes. The depletion was followed by a recovery of T cell numbers and in primary, but not in secondary, infection by an increase to more than three times normal levels. Large numbers of alcohol-killed organisms did not induce depletion. The persistence of infection was not necessary to induce depletion, since in secondary infection bacterial numbers had fallen to fewer than 100 by 2 days. It is not known whether the live organisms or their metabolites induced the depletion or whether the difference lies in cellular handling or the localization of living versus dead organisms. During infection, Listeria organisms are distributed uniformly throughout the spleen, without predilection for T-dependent areas (17) . Although live and dead Listeria sp. differ in inducing either cell-mediated immunity or antibody responses, respectively (21) , T cell depletion is unlikely to involve immunological mechanisms since the time course of depletion was identical in primary and secondary infections.
In contrast to T lymphocytes, B lymphocytes began increasing 1 day after either primary or secondary infection or after the injection of killed Listeria organisms. After secondary infection or the injection of killed organisms, B lymphocyte numbers reached a peak by day 3, then declined to normal by day 7. After primary infection, B cell numbers were still increasing 9 days later, at the end of the period of observation. The increase in B cell numbers is probably due to the well-documented mitogenic effect of Listeria organisms and extracts on B lymphocytes (7, 14, 22) . This stimulus would persist for longer during primary infection, leading to the prolonged B cell proliferation observed.
The role of adrenal stress hormones in T cell depletion was investigated. In BALB/c mice, Listeria infection leads to thymic involution (17) , suggesting an effect of stress. Stress, through the action of adrenal hormones, especially cortisone, is known to cause aberrations in lymphocyte populations (2 Changes in lymphocyte circulation patterns have been noted in rodents with bacterial (4) and viral (27, 28) infections. Such changes could result in the splenic depletion of T cells seen in listeriosis. However, T-cell-enriched spleen 51Cr-labeled cell suspensions injected into 2-day Listeria sp.-infected mice were distributed 4 h later among the liver, spleen, lymph nodes, gut, lung, kidney, thymus, bone marrow, and blood in similar proportions to the same cells injected into normal mice. Furthermore, there was no loss of label from spleen and a normal gain of label by lymph nodes at 24 h, as described by Sprent (24) . B lymphocytes also behaved similarly in normal and infected mice. When 51Cr-labeled T-cell-enriched spleen cells were injected at the time of infection and observed over the next 3 days, the distribution of label was again similar in infected and uninfected mice. Sprent and Miller (25) have shown that activated T cells migrate to the gut rather than the lymph nodes. However, although there was increased T cell label in the gut of infected mice compared with normal mice, B cells homing to the gut were also increased in the infected mice. Thus, redistribution to the gut was unlikely to account for T cell depletion.
A closer examination of lymphocyte traffic within the spleen was made by autoradiography, using T-or B-cell-enriched splenic lymphocyte suspensions labelled with [3H]uridine. When these cells were injected 2 days after Listeria infection, depleted areas in the infected mouse spleens were void of labeled cells 4 h later. Corresponding areas in normal mice showed labeled cells. Since the infected spleens showed normal total radioactive counts per organ and normal total numbers of labeled cells per unit area of white pulp, it appeared that the labeled cells were prevented from entering the depleted areas. Furthermore, it was found that after 24 h, less than half as many labeled cells appeared in spleen sections from infected mice compared with normal (Table 2) . Thus, although 40% of labeled T cells seen 4 h after infection were still present at 24 h in normal mice, only 17% remained in infected mice. By extrapolation, after 72 h, 6.4% would remain in normal mice, and 0.5%, or 1/13 the normal number, would remain in infected mice. This rate of attrition could account for the loss of T cells. Since the total radiolabel in the spleen was about halved in both groups, most of the label from the cells destroyed within the infected spleen must remain there, becoming indistinguishable from background label.
In human lepromatous leprosy, a massive infiltration of the T-dependent areas by Mycobacteria sp.-laden macrophages markedly disturbs T cell circulation (26) . However, in listeriosis, Gram stains revealed that the organisms were distributed throughout the spleen and were not concentrated in the T-dependent areas (17) . It is unlikely that the occasional foci of polymorphs seen in some T-depleted areas after 1 x103 Listeria sp. caused the death of lymphocytes.
The most puzzling feature of T cell depletion during listeriosis is that it occurs just before and during the generation of T cells which mediate the immune response to Listeria sp. (6, 29) . It also coincides with the beginning of marked lymphocyte proliferation which precedes the induction of immunity (6, 19) . The lymphocytes which transfer protection have been shown to be recently replicated T cells (19) . The accompanying paper (5) shows that the recovery from T cell depletion requires cell proliferation. If T cell depletion has a function in the host, it may be to "clear space" for the expansion of the Lyt 1 + 2+ (13) population which mediates protection against L. monocytogenes.
